The azoospermia factor c (AZFc) region on the Y chromosome is a genetically dynamic locus in the human genome. Numerous genomic rearrangements, including deletion, duplication and inversion, have been identified in AZFc. The complete deletion of AZFc can cause spermatogenic impairment. However, the roles of partial AZFc deletions (e.g. b2/b3 deletion) in spermatogenesis are controversial and variable among human populations. Secondary duplication has been hypothesized to be a compensatory factor for partial AZFc deletions. To further study genomic duplications in AZFc as a potential genetic modifier underlying the phenotypic variations of partial AZFc deletions in spermatogenesis, we conducted comprehensive molecular analyses in 711 idiopathic infertile men and 390 healthy controls. Unexpectedly, we found that additional AZFc duplications accompanying the b2/b3 deletion, instead of the b2/b3 deletion alone, led to the b2/b3 deletion-associated risk of spermatogenic impairment previously reported in Han Chinese population. In addition, partial AZFc duplication also rendered a risk factor in the non-deletion patients. DAZ is a multi-copy AZFc gene (DAZ1-DAZ4) implicated in spermatogenesis. Genetic variations do exist between DAZ copies. Intriguingly, we found that the DAZ1/2 cluster was the main duplicated copies in the partial AZFc duplications associated with spermatogenic impairment, suggesting a potential different role of spermatogenesis between DAZ copies. Our findings demonstrated that additional AZFc duplications did not compensate but convey the susceptibility of the b2/b3 deletion to spermatogenic impairment in the tested population. Notably, genomic duplications and deletions in AZFc deserve comprehensive investigations to uncover spermatogenic roles of the AZFc region.
INTRODUCTION
Infertility affects about one in six couples attempting pregnancy, with the man responsible in approximately half of the cases. Since the identification of azoospermia factors (AZFs) in 1970s, the AZFc (azoospermia factor c; MIM 415000) region in the distal long arm of human Y chromosome has attracted particular interest because of its involvement in germ cell development (1) . The AZFc region consists almost entirely of very long repeat units, also known as amplicons (2) . The complex structure of AZFc predisposes to a series of genomic rearrangements mediated by non-allelic homologous recombination (NAHR) between amplicons, including the formation of deletions, duplications and their combinations ( Fig. 1) (3 -9) . † The first two authors have contributed equally to this study and they should be regarded as joint First Authors. * To whom correspondence should be addressed at: Key Laboratory of Reproductive Medicine, Institute of Toxicology, Nanjing Medical University, Nanjing 210029, China. Tel: +86 2586862863; Fax: +86 2586662863; Email: xrwang@njmu.edu.cn Figure 1 . Genomic structures and rearrangements in the AZFc region of the human Y chromosome. The copy number of the DAZ gene and the presence (+) or absence (2) of the STS markers are indicated on the right. (A) The amplicon structure, STS, three protein-coding gene families (DAZ, CDY1 and BPY2) and five non-coding gene families (TTTY17, TTTY4, TTTY3, GOLGA2LY and CSPG4LY) in the AZFc region based on the GenBank reference sequence (2, 44) . The recombination between two 'b' amplicons (shown in black) can lead to complete deletion of AZFc ( 3.5 Mb deleted) or b2/b4 duplication ( 3.5 Mb duplicated). (B) The gr/gr deletion and duplication can occur between two 'g' or two 'r' amplicons and deletes/duplicates a 1.6 Mb fragment of AZFc (5). The gr/gr deletion can be followed by b2/b4 duplication. (C) The b2/b3 deletion is a deletion of about 1.8 Mb fragment of AZFc, which is derived from the gr/ rg inversion or b2/b3 inversion (6, 12) . The b2/b3 deletion derived from the gr/rg inversion can be followed by the blue-gray duplication (6) . Moreover, the b2/b3 duplication or g1/g3 duplication can follow the inversion events (4) .
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Human Molecular Genetics, 2011, Vol. 20, No. 22 Deletions in the AZFc region are one of the main causes of male infertility. The first confirmed and best characterized deletion is complete AZFc deletion (also known as b2/b4 deletion), which removes all the multi-copy genes in AZFc and leads to spermatogenic impairment (1, 2, 10, 11) . These results imply the essential role of AZFc genes in spermatogenesis. In the past few years, several types of partial AZFc deletions have been identified, including gr/gr and b2/b3 deletions (also referred to as g1/g3 deletion or u3-gr/gr deletion) ( Fig. 1) (5, 6, 12, 13) . However, the roles of partial AZFc deletions in spermatogenesis are controversial. Previous studies have demonstrated that the spermatogenic role of the gr/gr deletion was inconsistent and variable among human populations (5, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The situation is similar for the b2/b3 deletion. We previously reported the association of b2/b3 deletion with male infertility in Chinese populations (23, 25) , but not in other populations (6, 12, 13, 20, 21, 23) .
Since partial AZFc deletions lead to copy number reduction of multi-copy AZFc genes with implication in spermatogenesis, secondary genomic duplications in AZFc that can restore gene copy numbers have been hypothesized to be a compensatory factor and to potentially modify spermatogenic phenotype of the partial AZFc deletions (5). Some additional b2/b4 duplications were identified in the individuals with gr/ gr or b2/b3 deletions, in which the copy number of AZFc genes can restore and even exceed the common level ( Fig. 1) (4, 5, 26) . Interestingly, it has been recently reported that secondary duplications to partial AZFc deletions can restore the total motile sperm count to normal value (27) . Therefore, we hypothesized that the genomic duplications in AZFc might be a genetic modifier and underlie the phenotypic variation of partial AZFc deletions in spermatogenesis. To test this hypothesis, further molecular assays were performed in 711 idiopathic infertile Han-Chinese and 390 healthy HanChinese, in which we previously reported that the b2/b3 deletion, but not the gr/gr deletion, was associated with spermatogenic impairment (25) .
RESULTS

Distributions of partial AZFc deletions in groups with different spermatogenic status
Having excluded 45 classical AZFa, AZFb and AZFc deletions identified in our previous study (25) , we further studied partial AZFc deletions and duplications in 711 patients with male infertility and 390 healthy controls. Overall, 89 gr/gr-deleted individuals and 66 b2/b3-deleted individuals were found in the patients, whereas 40 gr/gr deletions and 20 b2/b3 deletions in the fertile men (Table 1) (25) .
The frequency of the b2/b3 deletion in the infertility/abnormospermia (OR 2.03; 95% CI 1.16-3.57) (P ¼ 0.012) was significantly higher than that in the fertility/normozoospermia group. The distribution differences were still significant between the fertility controls and two infertility/abnormospermia sub-groups: azoospermia (OR 2.10; 95% CI 1.09-4.05) (P ¼ 0.023) and oligozoospermia (OR 1.96; 95% CI 1.01-3.80) (P ¼ 0.043) groups. The frequency of the b2/b3 deletion was higher in the infertility/ normozoospermia group than that in the control group, but with no statistical significance (Table 1) .
No significant difference of the gr/gr deletion distribution was found between the infertility sub-groups and the fertility control group (Table 1) .
Distribution of genomic duplications in company with partial AZFc deletions
Partial AZFc deletions can be identified by the loss of specific sequence-tagged site (STS) markers, e.g. sY1291 for the gr/gr deletion and sY1191 for the b2/b3 deletion (5, 6) . However, additional genomic duplications in AZFc cannot be detected by STS analysis. Therefore, quantitative assays are required. Generally, there are four DAZ (deleted in azoospermia, MIM 400003) gene copies in the AZFc region. The partial AZFc deletions of gr/gr or b2/b3 can delete two DAZ copies from the AZFc region. Interestingly, more than two DAZ copies were also found in some individuals with partial AZFc deletions, suggesting the existence of additional duplication in company with partial AZFc deletions (4, 26) . To study potential partial AZFc duplications, the quantitative real-time PCR of the DAZ gene was performed in 129 gr/gr deletions (89 individuals in the case group and 40 individuals in the control group) and 86 b2/b3 deletions (66 individuals in the case group and 20 individuals in the control group).
Among the 89 patients with gr/gr deletion (25 with azoospermia, 29 with oligozoospermia and 35 with normozoospermia), 25 deletions were found to be accompanied by genomic duplications in AZFc (i.e. 7 with azoospermia, 6 with oligozoospermia and 12 with normozoospermia have del + dup) ( Table 1 ). In the control group, 10 out of 40 gr/gr deletions were del + dup. No significant difference in the frequency distribution of the gr/gr deletion-only (del-only) or gr/gr del + dup was found between patients and controls. These results demonstrated that the secondary AZFc duplications did not modify the spermatogenic phenotype of the gr/gr deletion ( Table 1) .
Among the 66 patients with the b2/b3 deletion (19 with azoospermia, 18 with oligozoospermia and 29 with normozoospermia), 42 b2/b3 del + dup (12 with azoospermia, 11 with oligozoospermia and 19 with normozoospermia) were found and the remaining 24 were b2/b3 del-only (Table 1 ). In the control group, only 10 out of 20 b2/b3 deletions were b2/b3 del + dup. Unexpectedly, the frequencies of b2/b3 del + dup were significantly higher in subdivided groups of male infertility than those in the controls: azoospermia group (OR 2.62; 95% CI 1.11 -6.18) (P ¼ 0.023), oligozoospermia group (OR 2.36; 95% CI 0.98 -5.66) (P ¼ 0.048), infertility/abnormospermia group (OR 2.49; 95% CI 1.17-5.31) (P ¼ 0.015) and infertility/normozoospermia group (OR 2.27; 95% CI 1.04 -4.95) (P ¼ 0.035) ( Table 1) . Notably, there was no significant difference in the frequency of the b2/b3 del-only between subdivided groups of male infertility and the controls. Our results suggested that the b2/b3 del + dup, but not the b2/b3 del-only, manifested the b2/b3 deletion-associated spermatogenic impairment in Han Chinese population.
Distributions of partial AZFc duplications in the non-deletion population
Generally, there are four DAZ copies in the AZFc region of the individuals without deletion. In addition to the AZFc duplications that can restore DAZ copies from two in partial AZFc deletion to four in del + dup, AZFc duplications can also be generated in non-deletion individuals (i.e. dup-only) and result in more than four DAZ copies. Interestingly, six or more DAZ copies have been shown to be associated with spermatogenic impairment in Han Chinese in Taiwan (4). Our previous study in Han Chinese from East China also revealed that high DAZ copy number (.4) was overrepresented in patients and suggested a possible susceptibility of DAZ over-dosage to spermatogenic impairment (26) . However, no significant effect of partial AZFc duplication on spermatogenesis was found in Caucasian populations (28) .
To re-investigate the role of dup-only in spermatogenesis, we analyzed the duplication status in the non-deletion population of Han Chinese from East China. Overall, 556 patients without deletion and 330 controls without deletion were examined for DAZ copy numbers, using the quantitative real-time PCR assay. The frequency distributions of AZFc duplication in groups with different spermatogenic status in the nondeletion population are shown in Table 2 . In the non-deletion population, 76 out of 556 patients and 25 out of 330 controls were found to be dup-only. Comparing with the fertility/ normozoospermia group, we found that dup-only was significantly more frequent in the patient groups of azoospermia (OR 2.00; 95% CI 1.07-3.73) (P ¼ 0.027), oligozoospermia (OR 1.90; 95% CI 1.01 -3.58) (P ¼ 0.044), infertility/abnormospermia (OR 1.95; 95% CI 1.15 -3.31) (P ¼ 0.012) and infertility/normozoospermia (OR 1.91; 95% CI 1.12 -3.27) (P ¼ 0.016). Our results suggested that partial AZFc duplication also renders a risk factor on spermatogenic impairment in the non-deletion patients.
Sub-patterns of AZFc deletions and duplications
To further investigate whether the sub-patterns of AZFc deletions and duplications are responsible for phenotypic variations of spermatogenesis of different AZFc rearrangements among human populations, DAZ copies were genotyped in this study. Single-nucleotide variation (SNV) at sY587 can distinguish between DAZ1/2 and DAZ3/4 clusters (13). Therefore, AZFc rearrangement sub-patterns based on DAZ clusters can be defined by the missing copies of DAZ. The distributions of the DAZ sub-patterns of AZFc rearrangements are shown in Tables 3 and 4, Supplementary Material, Tables S1 and S2. Both DAZ1/2 and DAZ3/4 deletions were prevalent in gr/gr del-only (Supplementary Material, Tables S1 and S2). No significant difference of frequency distribution was found between the case and control groups. For the individuals with b2/b3 del-only identified in this study, DAZ3/4 deletion was the major sub-patterns in both cases and controls.
The sub-pattern distribution of gr/gr del + dup and b2/b3 del + dup is shown in Table 3 . In the gr/gr del + dup individuals, both DAZ1/2 del + DAZ3/4 dup and DAZ3/4 del + DAZ1/2 dup were frequent, whereas in the b2/b3 del + dup individuals, DAZ3/4 del + DAZ1/2 dup was the major subpattern in both cases and controls.
To further investigate the sub-patterns of dup-only in AZFc, DAZ-SNV genotyping and quantitative real-time PCR were performed in 76 dup-only patients and 25 dup-only controls. The frequency distributions of DAZ1/2 and DAZ3/4 
n OR P-value n OR P-value n OR P-value n OR P-value n OR P-value n OR The sum of infertility/abnormospermia and infertility/normozoospermia. * x 2 -test (P , 0.05) when compared with the fertility/normozoospermia group. The sum of infertility/abnormospermia and infertility/normozoospermia. Table 5 .
The AZFc duplications (dup-only) were identified in 6 out of 14 Y chromosome haplogroups of normal controls and in 10 out of 14 Y-haplogroups of patients with male infertility. Notably, in haplogroup O2 * , 6 out of 41 ( 15%) cases were duplicated, whereas none of 13 controls was duplicated. In haplogroup O3
* , 24 out of 197 ( 12%) cases were duplicated, whereas 7 out of 100 (7%) controls were duplicated. Furthermore, in haplogroup N1, 9 out of 43 ( 21%) cases were b2/b3 del + dup with 6 DAZ gene copies, whereas 1 out of 16 ( 6%) controls were b2/b3 del + dup. More AZFc duplications were identified in the case group than those in the control group for these Y chromosomal haplogroups, although no significant difference in the distribution was identified.
DISCUSSION
Each of the known genes in the AZFc region has multiple copies (Fig. 1) . These AZFc genes are implicated in spermatogenesis since complete AZFc deletion leads to spermatogenic impairment (2) . However, the role of partial AZFc deletions in sperm production has been a controversy since 2003 when the first type of partial AZFc deletion (gr/gr deletion) was identified (5). Both gr/gr and b2/b3 deletions, the two main types of partial AZFc deletions, have been reported to have variable phenotypes across human populations (29) . Notably, we previously reported an association of the b2/b3 deletion with spermatogenic impairment (23, 25) . Interestingly, such an association was only found in Han Chinese men, whereas no predisposition of the b2/b3 deletion to male infertility has been detected in other populations (6, 12, 13, 20, 21, 23, 25) . Is there any genetic factor as a modifier for partial AZFc deletions? Dosage insufficiency has been hypothesized to be a potential mechanism for the susceptibility of the gr/gr deletion to spermatogenic impairment, since the gr/gr deletion can reduce dosage of the genes in AZFc (5). Take the DAZ gene as an example. Generally, there are four DAZ gene copies in AZFc (30) . The gr/gr deletion commonly reduced the DAZ copy from four to two (Fig. 1) . Interestingly, partial duplications also exist in AZFc and can compensate for the DAZ copy reduction caused by the gr/gr deletion; therefore, AZFc duplications have been hypothesized to be a compensatory factor for the gr/gr deletion (5). Could such genomic duplications be a genetic modifier manifesting the inconsistent association of the b2/b3 deletion with spermatogenic impairment across populations?
In our previous study, we found that the b2/b3 deletions were associated with spermatogenic impairment in Han Chinese populations; however, the b2/b3 deletions had not been sub-divided into del + dup and dele-only (25) . Considering that secondary duplications may exist in addition to partial AZFc deletions, we further genotyped the gr/gr and b2/b3 deletions that we identified and divided them into two subtypes: del + dup and del-only. Thereafter, the effect of each rearrangement pattern (del-only or del + dup) on male infertility can be investigated separately. The distributions of partial AZFc rearrangements (del-only and del + dup) in groups with different spermatogenic status are shown in Table 1 . Notably, the frequencies of b2/b3 del + dup were significantly higher in all the groups with different spermatogenic status than those in the control group, whereas the b2/b3 del-only pattern showed no association with spermatogenic impairment or male infertility (Table 1) . Therefore, we can conclude that our previously reported susceptibility of the b2/b3 deletion to spermatogenic impairment in Han Chinese (25) was attributed to b2/b3 del + dup, but not b2/b3 del-only. It is unexpected but interesting to find that secondary genomic duplications in AZFc are not a compensatory factor for the b2/b3 deletion but a risk factor of spermatogenic impairment. In addition, our recent findings clarified the previous controversial association of b2/b3 deletions with spermatogenic impairment and suggested that the b2/b3 deletion only is not pathogenic across populations consistently. However, no such a modifier effect of additional AZFc duplications was found in the gr/gr deletion, since no significant difference in the distribution of either gr/gr del-only or gr/gr del + dup was found between cases and controls (Table 1) . Since the copy numbers of AZFc genes (at least the major AZFc candidate gene DAZ) restored to the common level in both gr/gr del + dup and b2/b3 del + dup, it was suggested that the predisposition difference between these two rearrangements may be attributed to the altered structure of the chromosome rather than the gene dosage alone.
AZFc duplications can also exist in non-deletion individuals and increase DAZ copies to six or more (26) . Interestingly, partial AZFc duplications resulting in over-dosage (six copies) of the DAZ gene were reported to be a risk factor of spermatogenic impairment in the Taiwan population (4). Such an association was also identified in our tested population of Han Chinese from East China (26) . However, the rearrangement sub-types (dup-only or del + dup) of the individuals with six DAZ copies were not determined in these studies. To investigate the effect of dup-only on spermatogenesis, we have excluded the confounding factors (del + dup) and examined the effect of dup-only in the deletion-negative population separately. Our results demonstrated that in the deletion-negative populations, the frequencies of partial AZFc duplication in the groups with different spermatogenic status were significantly higher than those in the fertility/normozoospermia group (Table 2) . Since the dup-only also renders a risk factor on spermatogenic impairment, the potential role of the over-dosage of DAZ gene in the susceptibility of dup-only to spermatogenic impairment cannot be excluded.
Our results have demonstrated that partial AZFc duplication was a risk factor for not only infertile individuals with abnormospermia but also the infertile ones with normozoospermia (Tables 1 and 2 ). Although the individuals in the infertile/normozoospermia group meet the WHO criteria of normal sperm count (≥20 × 10 6 /ml), the average of their sperm concentrations was still significantly lower than that in the fertile/normozoospermia group (Supplementary Material, Table S4 ). Therefore, the spermatogenesis in the infertile group with 'normozoospermia' cannot be readily considered to be normal. The partial AZFc duplication was likely to impair spermatogenesis in the infertile individuals with normozoospermia, although the other potential role(s) of partial AZFc duplication in male infertility cannot be excluded.
Notably, as was reported in our and other studies, the AZFc rearrangements with the same AZFc gene dosage can be found in both healthy and infertile men, suggesting various phenotypes between individuals and across populations. Therefore, we hypothesized that, in addition to gene dosage alteration, the genetic variations between AZFc gene copies and the function of the gene copies left in AZFc after rearrangements may also be responsible for these predisposition differences. In the deletion and/or duplication process in AZFc, NAHR can occur between different amplicon pairs. Subsequently, the deleted or duplicated gene copies and their copy numbers vary among different rearrangement sub-types. For example, the gr/gr deletion comprises three alternative sub-types (the g1/g2, r1/r3 and r2/r4 sub-deletions), which remove different gene copies (5) . The multi-copy DAZ gene was the first confirmed AZFc candidate gene involved in spermatogenesis (2, (31) (32) (33) . Since different DAZ copies have different number of RNA recognition motifs and repeat sequences (34) , functional divergence may exist between DAZ copies (2,34). The sub-patterns of partial AZFc rearrangements (including deletions, duplications and their combinations), which are based on which DAZ clusters are deleted/duplicated, have been further investigated to study the potential functional difference between copies of multi-copy AZFc genes. Based on the DAZ gene copy number, we classified the AZFc rearrangements into three main sub-patterns: del-only (DAZ1/2 del-only and DAZ3/4 del-only), dup-only (DAZ1/2 dup-only and DAZ3/4 dup-only) and del + dup (DAZ1/2 del + dup and DAZ3/4 del + dup). Our results demonstrated that both DAZ1/2 and DAZ3/4 sub-deletions are popular in gr/gr del-only (Supplementary Material, Table S2 ) and gr/gr del + dup (Table 3) , and no significant distribution difference was found between cases and controls. In contrast, the DAZ3/4 sub-deletion is the major sub-pattern for b2/b3 del-only (Supplementary Material, Table S2 ). In the risk-associated b2/b3 del + dup, the sub-pattern of DAZ3/4 del + DAZ1/2 dup was also 
dup-only (6DAZ or more) C 38 1 (2.6) 1 (2. del, deletion; dup, duplication; del + dup, deletion accompanied by duplication.
dominant (Table 3) . Could additional DAZ1/2 duplication following the b2/b3 deletion be mainly or partially responsible for the risk associated with b2/b3 del + dup? It was partially supported by the findings in the dup-only population that the DAZ1/2 duplication sub-pattern was significantly more frequent in the infertility group than in the control group, whereas no significant distribution difference was found for DAZ3/4 duplication sub-pattern (Table 4) . Our results demonstrated that the duplication of DAZ1/2 cluster may be responsible for the risk of spermatogenic impairment associated with b2/b3 del + dup and AZFc dup-only. However, considering the factor that frequent gene conversions do exist between AZFc gene copies, we have to point out that it was challenging to exactly define and distinguish between different copies of a multi-copy AZFc gene. Therefore, these data of DAZ distribution can be regarded as a hint for the potential function differences between copies, but it is far from drawing a conclusion of which DAZ copy is functional. In addition, to assess whether some Y chromosome haplogroups are predisposing to or protecting against the partial AZFc duplications, we investigated the AZFc duplication distributions in Y chromosome haplogroups. The prevalence of AZFc structural variations in different Y chromosome haplogroups varied significantly. Compared with the control group, the frequency of AZFc duplications was higher in the infertility group in haplogroups O2 * , O3 * and N1; however, the distribution differences were not significant in the tested population. The absence of significance may be attributed to the small sample size, which may hamper us to obtain any definite conclusion. The over-representation of dup-only in haplogroups O2
* and O3 * and the over-representation of del + dup in haplogroup N1 suggested a potential role of genetic background in the susceptibility of genomic duplications, which deserves further investigation in the future.
In summary, our findings showed that b2/b3 del + dup, instead of b2/b3 del-only, was responsible for the b2/b3 deletion-associated risk of spermatogenic impairment previously reported in Han Chinese (23, 25) . The additional duplications following the b2/b3 deletion are a genetic modifier (not a protective/compensatory factor but a risk factor) that may potentially manifest the inconsistent phenotype of the b2/b3 deletion across populations. In addition, the potential difference in gene function between copies of AZFc genes may be another genetic modifier playing roles in phenotypic variation of partial AZFc deletions. Our findings emphasize the necessity of more extensive studies on Y chromosomal rearrangements, especially genomic duplications, for better understanding of spermatogenesis and its pathology.
MATERIALS AND METHODS
Study subjects
Study subjects were volunteers from the affiliated hospitals of Nanjing Medical University between March 2004 and July 2007 (NJMU Infertile Study). The cases were male patients with infertility, who sought treatment in the Center of Clinical Reproductive Medicine, and were recruited into this study by a retrospective design. The controls were healthy and fertile young men who had fathered one or more healthy children without assisted reproductive measures from the same hospital during the same period. All the subjects were genetically unrelated ethnic Han-Chinese from East China. The protocol and consent form were approved by the Institutional Review Board of Nanjing Medical University prior to the study. A comprehensive andrological examination, including semen analysis, a series of physical examinations, hormone and karyotype analysis, was performed, and a questionnaire was used to collect information, including personal background, lifestyle factors, occupational and environmental exposures, genetic risk factors, sexual and reproduction status, medical history and physical activity.
Before the final analysis, 124 individuals (out of 835) were excluded, including 8 with obstructive azoospermia, 18 with abnormal karyotype (8 of them with Klinefelter's syndrome), 9 with cryptorchidism, 44 secondary sterility cases and 45 with classical AZFa, AZFb or AZFc deletions based on the findings in our previous study (25) . The final analysis included 711 idiopathic infertility patients aged 24-36 years, who were divided into three sub-groups: 186 with non-obstructive azoospermia (no sperms in the ejaculate even after centrifugation), 188 with oligozoospermia (sperm counts from 0.1 to 20 × 10 6 / ml) and 337 with normozoospermia (sperm counts ≥20 × 10 6 /ml). The abnormospermic individuals were referred to dyszoospermia, i.e. one or more semen parameters fell below the World Health Organization criteria for normozoospermia (35) . In our study, the group of abnormospermia included both azoospermia and oligozoospermia.
For control selection, 390 healthy men, who were 26-40 years old, were recruited at the same hospitals where the patients were seen. All these control subjects had normal sperm parameters or had fathered one or more healthy children. The semen analysis for sperm concentration, motility and morphology was performed following the World Health Organization criteria (35) .
Y chromosome haplogrouping
To avoid potential methodological and selection biases in our association study, Y chromosome haplogroups were defined using 14 binary markers: M130, YAP, M89, M9, LLY22g, M120, M119, M268, M95, M176, M175, M122, M134 and M117. These markers are highly informative in East Asians (36, 37) . As shown in Supplementary Material, Figure S1 , a total of 14 haplogroups were defined following the nomenclature recommended by the Y Chromosome Consortium (YCC) and its update (38, 39) . No difference in Y chromosome haplogroup distribution was found among the groups with different spermatogenic status (Supplementary Material, Fig. S1 ).
Deletion typing
Details of the deletion typing procedure in AZFc were described in our previous study (25) . Briefly, genomic DNA was extracted from peripheral blood. Two multiplex PCR reactions (reaction A: ZFY, SRY, sY86, sY127, sY254; reaction B: ZFY, SRY, sY84, sY134, sY255) were used to determine the classical AZFa, AZFb and AZFc deletions in Yq (40) . In addition, nine AZFc-specific STSs (sY1191, sY1291, sY1206, sY1201, sY142, sY1258, sY1197, sY1054, sY1161) were used to identify the types of partial AZFc deletions in all the subjects without classical AZF deletions (5, 6) . For further confirmation of the genotypes of the AZFc region, the SNV at sY587 was typed, which can distinguish between DAZ1/2 and DAZ3/4 clusters according to previously described methods (13) . Rearrangement patterns (including del-only, del + dup and dup-only) with the indication of STS information and deleted DAZ gene copies are shown in Supplementary Material, Table S3 .
Quantitative PCR assays for DAZ gene copy number
The copy number of the DAZ gene was detected by previously described quantitative real-time PCR assay using the markers of SNV V (i.e. sY587 located in the region of DAZ gene) and M159 (a Y chromosome locus outside AZFc as the reference locus to serve as an internal dosage control) (26) . Further modification was made. The primers and probes were as follows. DAZ SNV V: primer-F, 5
′ -cctggagatttcttgtatatggaa-3 ′ ; primer-R, 5
′ -cttacaaacattatgctgagtgaa-3 ′ ; probe, taatgatgtggcattttgtgactgg. M159: primer-F, 5
′ -gctagtagtggtgcttgataa-3 ′ ;
primer-R, 5 ′ -tttaaaaagtaccagaagaagg-3 ′ ; probe, 5 ′ -aaatttgtaca gctggaggaagtac-3 ′ . Reactions were analyzed on an ABI 7900 Real Time PCR System. Since the DAZ/M159 signal ratio of the same DNA sample varied substantially between different batches of reactions due to slight variation in the PCR condition, controls with a known DAZ copy number were included in each batch of PCR reactions to serve as standards for internal control. To ensure the reliability of our results, each sample was detected three times simultaneously. Rearrangement patterns (including del-only, del + dup and dup-only) with the indication of the DAZ gene copy number are shown in Supplementary Material, Table S3 .
Southern blot analysis for copy number confirmation
To verify the results of quantitative PCR, Southern blot analysis on the DAZ gene copies was carried out according to a previously reported method (41, 42) . Genomic DNAs were digested with NsiI, then probed with a mixture of the 3 ′ UTRs of DAZ and DAZL (the autosomal DAZ-like gene) and isolated by PCR amplification (41) . Thus, DAZL acts as an internal standard with a known copy number (Fig. 2) . The first peak is DAZ and the second peak is DAZL. Generally, there are four DAZ copies on the human Y chromosome and two autosomal DAZL copies in the diploid human genome. Therefore, the common dosage of DAZL is half of the DAZ dosage. The dosage ratio between DAZ and DAZL can be altered in AZFc rearrangements. (B) The DAZ dosage blot. NsiI-digested genomic DNAs were separated on 0.7% agarose gels and blotted with a probe containing a mixture of PCR fragments amplified from the 3 ′ UTRs of DAZ and DAZL. The patterns of various AZFc rearrangements and their DAZ copy numbers are shown at the top and the bottom, respectively. Lanes 3 -6 contain DNA samples with known DAZ copy numbers, and the remaining lanes contain the test samples.
PCR assays for detecting duplication sub-types in non-deleted population According to Fernandes et al. (12) , SNV V can be used to discriminate DAZ1/2 from DAZ3/4 clusters. There is a genetic variation at the site 146 of the PCR product (DAZ1/ 2/T; DAZ3/4 C) of SNV V, which can be cut by DraI.
To discriminate partial duplication pattern (DAZ1/2 duplication or DAZ3/4 duplication) in the non-deleted population, restriction fragment length polymorphism and quantitative real-time PCR were performed. First, DNA samples were amplified through PCR. Then, 3 ml of the PCR products digested with DraI and 3 ml of PCR products without treatment were further analyzed by real-time PCR. The signal ratio of untreated/treated DNA should be nearly 3 and 1.5 of the DAZ1/2 and DAZ3/4 duplication pattern, respectively. The primers were: DAZ primer-F, 5
′ -caaagttgtgcaaccatgtccaca-3 ′ ; primer-R, 5 ′ -cctagggatacacacaa gttccagga-3 ′ ; probe, 5 ′ -tcacccccgtaccttagcagtcacc-3 ′ .
Statistical analysis
The distributions of Y chromosome haplogroup among groups with different spermatogenic status were assessed using the Arlequin software (43) . Differences in AZFc rearrangement frequencies between cases and controls or among Y chromosome haplogroups were calculated and tested with x 2 -test using Intercooled Stata 7.0 or Fisher's exact test. P-values of ,0.05 were regarded as statistically significant.
